Abstract: Spinal bracing is indicated in moderate to severe curves during growth. Brace effectiveness in halting progression of adolescent idiopathic scolisosis has been shown in a Cochrane review and in a randomized controlled trial (RCT). The outcome of brace treatment is dependent on the extent of inbrace correction and compliance. We have reviewed the literature on bracing to determine the types of brace that offer the best in-brace correction.
INTRODUCTION
Scoliosis is a three dimensional deformity of the spine and trunk which may deteriorate quickly during phases of increased growth velocity [1] [2] [3] . Scoliosis curve-patternspecific exercises have been shown to influence natural history in mild curves [4, 5] . For moderate to severe curves during growth, bracing is indicated as it has been clearly shown to be effective [6, 7] , not only in halting progression of adolescent idiopathic scoliosis [7, 8] , but also in improving the curvature [8] [9] [10] .
A recent randomized controlled study has shown that bracing is more effective than observation in the treatment of adolescent idiopathic scoliosis [7] . This may be responsible for the shift in focus from addressing the effectiveness of bracing in AIS treatment to development of brace designs to improve in-brace corection and patient compliance [11] .
There are at present many different braces on the market. There are symmetrical [8, [12] [13] [14] [15] [16] [17] and asymmetrical braces [18] [19] [20] [21] [22] [23] [24] [25] [26] , rigid and soft braces [27] , full time braces and nighttime braces. These braces have different biomechanical corrective principles, with varying effectiveness in halting progression of curvatures.
*Address correspondence to this author at the Wanchai Chiropractic Centre, 11/fl China Hong Kong Tower, 8 Hennessy Road, Wanchai, Hong Kong; Tel: 852-39983208; Fax: 852-39983222; E-mail: ngshuyanhcc@gmail.com At present, there is no internationally agreed-upon standard in bracing technology and clinical decision in brace treatment is empirical. We are not aware of any randomized controlled study that compare the effectiveness of different rigid underarm braces in the treatment of AIS. We thus undertake to review the literature and compare the in-brace correction and success rate of different braces in an attempt to identify braces that can effectively halt progression of curvatures and reduce surgical needs, so as to improve clinical outcome.
MATERIALS AND METHODS
PubMed was searched, using key words "brace" and "adolescent idiopathic scoliosis", and "CAD CAM". We excluded studies on nighttime spinal braces, juvenile idiopathic scoliosis and symptomatic scoliosis. Also, we excluded articles that do not have in-brace correction or success rate as outcome measures. We included studies on the effectiveness of all types of full time spinal braces, rigid or flexible, symmetrical or asymmetrical. Further, we reviewed studies on computer aided design/computer aided manufacturing (CAD/CAM) spinal orthoses, especially when compared to hand made braces. Research on brace compliance is also reviewed. Participant descriptive data, baseline Cobb angle, the type of braces used and outcome are extracted from these studies for comparison and review. As few articles contain in-brace apical vertebral rotation correction data, it is not included in the review and comparison.
RESULTS
The in-brace correction, success rate and failure rate of different braces were tabulated in Table 1 . As the compliance of many different braces is not available in the literature, it has not been included for review.
Marked differences of in-brace correction of different types of brace can be seen in Table 1 . The in-brace correction of asymmetrical braces fared better than that of the symmetrical braces. The in-brace correction of ARTbrace ranked highest among the asymmetrical braces at 76% [26] , followed by the Ch neau brace [25] and Gensingen brace (GBW) [9] , which is a Ch neau derivative. In contrast, the in-brace correction of symmetrical braces was lower, ranging from from 28% [14] for the Boston brace to 63.4%% for the Lyon brace [13] . However, it has to be emphasized that the studies are not fully comparable. In the study by De Giorgi [25] , only single curve patterns were included and the average curvature was 27°, which is significantly lower than that of other studies [9] . The patients with thoracic curves had even smaller angles of curvature [25] . As a matter of fact, double curves correct less than single curve patterns and thoracic curves less than lumbar or thoracolumbar curves [9, 21] . Therefore, when looking at the in-brace correction of asymmetric braces the Gensingen brace can only be compared to the ATRbrace [26] , which is much heavier and is about twice the size.
Asymmetrical braces also maintained the correction of curvatures better than symmetrical braces when braces were discontinued. The loss of correction in asymmetrical braces was less than that of the symmetrical braces. After weaning of the thoracolumbosacral orthoses (TLSO) [15, 16] and Osaka Medical College Brace (OMC) [17] , the Cobb angle increased to higher than that of the pre-brace level. The increase for TLSO amounted to 39.3% [15] and 13.6% [16] in the two studies. The percentage increase when OMC weaned off was only 4.8% [17] . The symmetrical brace that achieved the best final corrective effects was the Lyon brace [13] . When the brace was weaned off, there was a 27.7% reduction in curvature as compared to the pre-brace Cobb angle [13] . The final corrective effects of asymmetric braces, on the other hand, were better, ranging from 4.1% [20] to 59.3% [25] .
The comparison of difference could be more reasonable when considering the actual compliance; but as stated, the compliance measurements of different studies were not available for comparisons.
Of particular interest is the success rate of the different braces. The majority of the studies used the SRS criteria to define success and failure of brace treatment. Successful bracing is defined as a Cobb angle reduction of more than 5 o after cessation of brace treatment or when the patient is skeletally mature. When the change is within 5 o of the initial Cobb angle, the curve is regarded as stable. When the curve increases by 6 o , the treatment is regarded as a failure. Using the above criteria, the percentage of patients that failed with brace treatment and progressed to surgical threshold varied with braces, from 5% [28] to 56% [15] . The Gensingen brace (GBW) has the highest success rate, with the lowest percentage of patients falling into surgical threshold [28] . On the contrary, the TLSO brace and the Spinecor have the highest percentage of failure; 56% [15] and 28% [16] of the respective patients had their curves increase to surgical threshold.
DISCUSSION
Various studies have shown that in-brace correction and compliance negatively correlate with progression of curvatures [29] [30] [31] . A large in-brace correction and good compliance are associated with an improvement in final outcome [8, 29] . In-brace correction of at least 20% has been found to prevent progression of curvatures [30] and correction of 30% or more is required to achieve final improvement when skeletally mature [31] . A larger inbrace correction of 40% or more was found to accompany an improvement of 7 o Cobb at skeletal maturity [29] . All these suggest the need for a large in-brace correction to achieve final improvement in curvatures when skeletally mature.
Types of Braces
Reviewing Table 1 , the extent of in-brace correction and final correction in curvatures varies with braces. Asymmetrical braces in general fared better than symmetrical braces and flexible braces in correction of curvatures, with the Ch neau derivative [9] and the ARTbrace [26] providing more than 60% of the correction. The Lyon brace had the highest correction effect among the symmetrical braces. It corrected an average of 63.4% [13] .
The final outcome of brace treatment depends on both inbrace correction and compliance and as the asymmetrical braces had a higher degree of correction when compared with symmetical braces, it is not surprising to find that the success rate of asymmetrical braces is higher than that of the symmetrical braces.
The success rate of the Chêneau derivates has been described in a few outcome studies. The Rigo System Chêneau brace (RSC) had a success rate of 76% [10] which is not much different from the success rate of 72% achieved by the Boston brace in an RCT [7] . In a prospective controlled trial with a very homogenous sample of patients at high risk for progression, the success rate with the hand made Chêneau brace was at 80% [32] . In a retrospective series [28] , the success rate of the Gensingen brace was more than 95%; none of the patients was operated on. A similar outcome was reported in a preliminary prospective cohort study using the Gensingen brace (more than 90%) [33] .
Bowman (2011) was of the opinion that symmetrical braces do not provide sufficient correction to prevent curve progression [34] . To achieve high in-brace correction, the interior shape of the brace has to be asymmetrical in configuration [34] . This view is shared by a number of other authors [9, 26, 35] . The large correction in curvatures may partly compensate for low compliance in wearing of the brace [35] .
Though asymmetric braces may be more effective than symmetrical braces in the treatment of AIS, not all asymmetric braces perform equally well in different types of scoliosis. As the thoracic spine is more rigid, the percentage of correction achieved through bracing is less than that of the thoracolumbar and lumbar spine [10, 13] (Table 2) . Moderate curves correct less with bracing when compared with milder curves [8] . Also, the percentage of in-brace correction was less when the Cobb angle was at or above 30 o , rather than at 20-29° [8] .
The majority of the full time scoliosis spinal braces are rigid plastic braces. Spinecor is the only flexible full time brace currently commonly in use [27] . Studies have been conducted, comparing the effectiveness of rigid TLSO braces with Spinecor in halting progression of AIS in growing adolescents [16, [36] [37] [38] . Gammon et al. (2010) compared the TLSO braces with the Spinecor and found no statistically significant differences in the final outcome [16] ; using SRS outcome criteria, the success rate of the TLSO was 60% and that of the Spinecor was 53% [16] . Yet, prospective [37] and randomized controlled studies [38] have shown that the Spinecor was less effective than the rigid TLSO in reducing the progression of AIS. The percentage of patients that got worse with the Spinecor brace was between 28% [16] and 80% [36] and that which required surgery was 22.9% [27] . It is noteworthy also that patients whose curvatures progressed when wearing the Spinecor had the progression halted and curvatures improved by changing to the Boston [38] or the Ch neau brace [36] .
From the data, it is apparent that asymmetrical braces are more effective than symmetrical braces in the treatment of AIS, with ARTbrace and Gensingen braces ranking high in correction. Also, rigid TLSO are more able to control progression of curvatures than the flexible Spinecor. Recently, a case report has been published showing that long-term corrections of about 20° are possible when starting treatment early, at an immature stage and with asymmetric braces of recent standards [39] .
CAD/CAM Braces
The extent of in-brace correction depends on the design of the braces and the flexibility of the treated areas. Yet, not all braces with the same name correct to a similar extent. The in-brace correction of the Boston brace reported by Lou et al. (2006) was 28%, whereas that reported by Emans (1986) was 50%. The marked difference in outcome is believed not to relate to the demographics and pre-brace curvatures of the two groups of patients, as they were similar in the two studies. Whether it is related to the difference in flexibility of the spine in the two groups of patients, however, is difficult to determine. Difference in flexibility can significantly impact the percentage of correction by brace [29] .
Landauer et al. [29] used the Ch neau brace to correct thoracic scoliosis [29] . They found some of the curvatures could be corrected significantly, while others could not. The difference in correction was as high as 100% [29] . Similar differences in outcome are also noted in the two studies that employed the Ch neau brace to treat AIS. The failure rate reported by Landauer et al. was 22% [29] , whereas that by Zaborowska-Sapeta (2011) was 51.9%. It is possible that that the differences in in-brace correction might be related to the skills and experience of the orthotists.
In a study comparing the outcome of brace treatment with observation, Danielsson et al. suggested that the good outcome of the brace treatment was related to the skill of the orthotist [40] . Similarly, Rigo reported that with experience, the effectiveness of bracing improved [41] . Successful outcomes with bracing outside of the specialized centres vary considerably [34] and several studies showed worse in-brace corrections, suggesting that bracing is somewhat less effective [42, 43] . For instance, the ARTBrace and the Gensingen brace (GBW) ranked high in terms of in-brace correction. However, there is not much familiarity with these braces outside of Europe, where they originated. CAD/CAM technology can fill this void.
Since the advent of CAD/CAM technology 30 years ago, there is an increasing trend to use it to make spinal braces as it takes less time and permits standardization of brace production [44] . Various studies [45] [46] [47] [48] have compared the inbrace correction of hand-made spinal orthoses with the cor- Recently, the last author has introduced a CAD/CAM solution, providing Ch neau-derived braces to address scoliosis specific curvature patterns, based on the augmented Lehnert-Schroth (ALS) classification (Figs. 1-3) . Brace formula is selected from the library of braces to match the curvatures of an individual patient [9] . The CAD/CAM technology permits easy modification, without the need to resort to a baseline standard as in manual methods when modification is required. Patients have reported that the braces made by Fig. (1) . Full correction in a short brace (CAD / CAM Gensingen brace) for a curve pattern 4CL (primary lumbar curvature) made in the US. Fig. (2) . Full correction in a CAD / CAM Gensingen brace (GBW) for a thoracic curve pattern (left). After 6 months of treatment the patient had outgrown her first brace and showed significant improvement of radiological and clinical correction (15) .   Fig. (3) . Clinical and radiological improvement in a more mature girl treated with a Best Practice Chêneau style brace in the Ukraine.
CAD/CAM are more comfortable [9] . This is supported by the study by Sankar et al. [46] .
At least for the GBW it has been shown that in-brace correction has been improved using CAD/CAM when compared to hand-made Chêneau braces [9] .
Limitation and Future Development
The present review is a comparison of outcome of different braces. The comparison inherently has a number of biases. Though many of the studies follow the SRS inclusion criteria for bracing, there are a number of factors that confound the correction of the curvatures. These include the flexibility of the spine, the accuracy of the spinal orthoses prescribed and fabricated and the skill of the orthotists. Comparing the response of a heterogenous group of patients also may not be valid. For instance, the study by De Giorgi [25] , using the Ch neau brace, only included patients with single curve patterns and with smaller angles of curvatures.
Of the three asymmetrical braces that had high correction, only the ARTbrace measured the in-brace correction in three planes. The apical vertebral rotation correction and the lordosis of the thoracolumbar spine were not measured in the Ch neau [25] and Gensingen brace [9] studies. This makes comparison of derotation impossible. Additionally, it has been found that measures of transverse plane deformity correlate strongly with progression of curvatures [49, 50] . Future studies of the in-brace correction should include correction in three planes, as EOS 3D radiography [26] is available.
Finally, many studies have shown that compliance is important in producing final correction in curvatures [7, 8, 14] . Yet, only a few brace studies included the compliance of brace wear, making it difficult to compare the compliance among different braces. Future studies should include compliance of brace wear, as poor compliance can nullify the benefits of high in-brace correction.
Thus, to improve the standard of brace care, randomized controlled studies should be conducted to compare the 3D in-brace correction between common effective asymmetrical and symmetrical braces and between different asymmetical braces. Also, smaller, comfortable and more inconspicuous braces need to be developed to improve the acceptance and thus the compliance of the patients.
CONCLUSION
• Bracing today is supported by high quality evidence (Level I).
• Long-term corrections are possible when starting brace treatment early, at an immature stage and with asymmetric braces of recent standards.
• Asymmetric braces have led to better corrections than described for symmetric braces in single curve patterns.
• An improvement of the average corrective effect has been described due to the lastest CAD / CAM developments.
• The cited studies are with heterogeneous inclusion criteria and intervention methods. Therefore the studies are not fully comparable. An RCT study is suggested to compare the most effective orthotic designs.
